Pathogenicity islands (PAIs), first discovered and named in uropathogenic Escherichia coli in the late 1980s (Hacker et al., 1990) , have been studied intensively since they represent an intersection of two notable biological phenomena, namely bacterial pathogenesis and horizontal gene transfer (HGT). As the name implies, genes associated with bacterial pathogenesis were found clustered in such islands and accumulating evidence suggests that such islands have horizontal origins (Blum et al., 1994; Sullivan and Ronson, 1998) . As more prokaryotic genome sequences became available, the concept of PAIs was extended to other genetic elements that share * To whom correspondence should be addressed. the general structure of PAIs but encode functions other than virulence. These genetic elements, collectively called genomic islands, encode genes involved in diverse cellular functions such as secondary metabolism (metabolism islands), antibiotic resistance (resistance islands), and secretion (secretion islands; Hentschel and Hacker, 2001) . The prevalence of these elements in bacteria varies from an estimated 17% in E. coli, to none identified to date in some obligate intracellular species such as Rickettsia and Chlamydia (Ochman et al., 2000) .
Features commonly associated with genomic islands include the presence of flanking repeats, mobility genes (e.g. integrases, transposases), proximal transfer RNAs (tRNAs), and atypical guanine and cytosine content (%G+C; Hacker et al., 1997) . tRNAs are known phage integration sites (Reiter et al., 1989) , and they may also serve as integration sites for mobile genetic elements that become PAIs. %G+C and additional species-specific 'DNA signatures' (e.g. dinucleotide-bias and codon usage profile) have also been proposed to be useful in identifying islands (Lio and Vannucci, 2000; Karlin, 2001) , which frequently exhibit distinct DNA signatures from the rest of the genome. While many of these features have been adopted separately in applications for analyzing genomic islands (Lio and Vannucci, 2000) , there is no single computational tool that integrates multiple features for island detection. We hypothesize that by combining and overlapping these features, we can more easily and accurately identify genomic islands of interest. We therefore developed IslandPath, a web-accessible service, to graphically display island-associated features in full-genome context. The current version permits analysis of all currently available fully sequenced bacterial and archaeal genomes (http: //www.ncbi.nlm.nih.gov/PMGifs/Genomes/micr.html) and the dataset is updated regularly.
Based on a literature survey of known islands, we first opted to display in IslandPath the %G+C of predicted open reading frames (ORFs), dinucleotide bias for gene-clusters (see below), the location of known or probable mobility genes, and the location of tRNAs. These features are represented by different symbols in a compact graphical display at gene resolution (see online help file). Users can click on the graph to select a region of interest to view corresponding gene annotations of the ORFs (from the National Centre for Biotechnology Information (NCBI) ftp site) in table-format below the graph. A web-link to the NCBI record of each ORF is incorporated into the table to facilitate further analyses (e.g. BLAST, Pubmed) of the ORF. IslandPath provides a quick way to browse a genome for putative islands that may be of interest for further computational and/or 'wet-lab' characterization.
For %G+C and dinucleotide bias calculations, other programs frequently use a fixed sliding window as a basic calculation unit. IslandPath uses a single ORF and a cluster of ORFs as basic units for calculating %G+C and dinucleotide bias, respectively. This permits us to analyze potential gene-by-gene or gene-cluster variance in proposed coding sequences. For %G+C calculation, users can set their own cut-off values for 'high' or 'low' %G+C, with a default cut-off derived from analysis done with the chlamydial genomes (see IslandPath's online help file for details). Since Chlamydia species are noted for their apparent lack of HGT (Brinkman et al., 2002; Read et al., 2000) , we hypothesize that the %G+C variance observed in their genomes represents variance due predominantly to other selective effects, such as gene expression level.
Dinucleotide bias analysis was also incorporated as it represents an independent DNA signature that is not subject to the same influences as %G+C analysis. Our dinucleotide bias analysis method was adapted from formulas published by Samuel Karlin (for review see (Karlin, 2001) ). Briefly, a genome is divided into 'ORF-clusters' of 6 consecutive ORFs. The average absolute dinucleotide relative abundance difference (δ * ( f, g)) derived from the following formula was calculated for each ORF-cluster in the genome:
where f (fragment) was derived from sequences in an ORF-cluster and their reverse complements and g (genome) was derived from all predicted ORFs and their reverse complements in the genome. The dinucleotide relative abundance, ρ * xy , was calculated from the formula (ρ * xy = f * xy / f * x f * y ) where f * x denotes the frequency of the mononucleotide x and f * xy the frequency of the dinucleotide x y in each ORF-cluster or genome. The sampling of ORF-clusters was done using a sliding window, shifting by one ORF at a time. The mean δ * ( f, g) is calculated by averaging the results from all ORF-clusters in the genome, and regions with δ * ( f, g) greater than 1 standard deviation away from the mean are marked on the IslandPath graphical display (see online help file for details). We decided to use six ORFs as a cluster because single ORF dinucleotide bias is highly variable and previous codon based analysis has shown that a minimum cluster of genes of approximately 4.5 kb (corresponding to approximately 6-8 ORFs) is required for reliable estimation of nucleotide composition (Lawrence and Ochman, 1997) .
Genome annotation features such as structural RNAs (tRNAs and ribosomal RNAs) and mobility genes (transposases and integrases) are part of the IslandPath genome view. RNA location information is obtained from NCBI and supplemented by tRNAscan-SE (Lowe and Eddy, 1997) if tRNA information is missing. Known or probable mobility genes are identified by keyword scanning of the NCBI genome annotations and supplemented with COG classification information (Tatusov et al., 1997) if no annotation is available.
IslandPath has several advantages over other types of analyses. First, certain DNA signal based approaches by themselves can be poor indicators of HGT (Koski et al., 2001) so IslandPath complements multiple DNA signal analyses with additional annotation features. Second, IslandPath provides an easily accessible web interface for convenient visualization and analysis of genomic islands by microbiology researchers. Lastly, its graphical view is relatively compact to allow visualization of putative islands in a full genome context. Of course, IslandPath can not be effective in detecting HGT of individual genes, or islands obtained from organisms with similar DNA signals. However, notably, many of the classic virulence genes are in genomic regions with unusual DNA signals (see IslandPath's online help file for examples). We propose that IslandPath may be a useful tool for facilitating the detection and analysis of genomic islands and, as more genomes become available, IslandPath, which can be updated automatically, will continue to be a resource for such island analysis for the research community.
